I. INTRODUCTION
In a recent letter [1] , we proposed an idea to achieve a p-wave superfluid state in an ultracold Fermi gas. This proposal is strongly motivated by the current experimental difficulty that a p-wave pairing interaction, which is necessary to form p-wave Cooper pairs, also destroys the system before the p-wave condensate grows [2] [3] [4] [5] [6] . Because of this dilemma, the ordinary approach (that one cools a p-wave interacting Fermi gas down to the superfluid phase transition temperature) does not work at all. As a result, although p-wave Feshbach resonances have already been discovered in 40 K and 6 Li Fermi gases [7] [8] [9] [10] [11] [12] [13] [14] [15] , the experimentally accessible superfluid state is still only the simplest s-wave type [16] [17] [18] [19] . To demonstrate the usefulness of the cold Fermi gas system as a quantum simulator for various quantum many-body phenomena, the realization of a p-wave superfluid Fermi gas would be important. Since there are various p-wave Fermi superfluids, such as superfluid liquid 3 He [20, 21] , heavy-fermion superconductors [22] [23] [24] , as well as a neutron condensate in a neutron star [25] , a p-wave superfluid Fermi gas with a tunable pairing interaction would help further understandings of these unconventional Fermi superfluids. In cold Fermi gas physics, it is also interesting to see how the BCS (Bardeen-Cooper-Schrieffer)-BEC (Bose-Einstein condensation) crossover phenomenon discussed in an s-wave interacting Fermi gas [26] [27] [28] [29] [30] [31] [32] [33] [34] is extended to a p-wave one [35] [36] [37] [38] [39] [40] .
The key of our idea [1] is to separately prepare a p-wave Cooper-pair amplitude Φ σσ ′ p (p) = c p,σ c −p,σ ′ and p-wave interaction g p (p, p ′ ), both physical quantities are involved in the p-wave superfluid order parameter,
where c p,σ is the annihilation operator of a Fermi atom with pseudospins σ, describing atomic hyperfine states contributing to the pair formation. That is, the p-wave pair amplitude Φ σσ ′ p (p) is first prepared by using an s-wave superfluid Fermi gas with an antisymmetric spin-orbit interaction. A recent synthetic gauge field technique has realized such a spin-orbit coupling in ultracold atomic gases [41] [42] [43] [44] [45] . At this stage, the system does not suffer from the above-mentioned damage caused by a p-wave interaction, because the system only has an swave interaction. The p-wave superfluid Fermi gas is then immediately obtained by replacing the s-wave interaction with an appropriate p-wave one, where the p-wave superfluid order parameter ∆ σσ ′ p (p) in Eq. (1) is given by the product of the introduced p-wave interaction and the p-wave pair amplitude Φ σσ ′ p (p) that has already been produced in the s-wave superfluid state. Of course, once the p-wave interaction is turned on, as usual, the system would start to be damaged by the p-wave interaction. However, the advantage of this idea is that the p-wave pair amplitude has been prepared in advance, so that the p-wave superfluid order parameter discontinuously becomes finite immediately after the replacement of the s-wave interaction by the p-wave one. Then, by definition, the system is in the p-wave superfluid state, being characterized by this p-wave superfluid order parameter, at least just after the p-wave interaction is turned on (as far as the system damage by the same p-wave interaction is not serious). We briefly note that the s-wave superfluid order parameter vanishes, after the s-wave interaction is turned off.
The purpose of this paper is to clarify when our recent proposal [1] really gives a pwave superfluid state with a large p-wave superfluid order parameter. This work is really important to experimentally use this idea, because Ref. [1] also shows that it does not always work. That is, under a certain condition, the produced p-wave superfluid soon vanishes within the time scale being shorter than the typical lifetime (τ l = 5 ∼ 20 ms) [2] [3] [4] of the system by the three-body loss caused by a p-wave interaction. For our purpose, in this paper, we employ a time-dependent Bogoliubov-de Gennes (TDBdG) theory at T = 0, to systematically examine the time evolution of the p-wave superfluid order parameter ∆ σσ ′ p (p) under various conditions with respect to the spin-orbit coupling strength, as well as the s-wave and p-wave interaction strengths. We then clarify a key to obtain a large p-wave superfluid order parameter. We also explain detailed numerical TDBdG calculations, which was omitted in Ref. [1] .
TDBdG theory cannot deal with the three-body particle loss, nor the relaxation of the system to the ground state, because it conserves the particle number, as well as the total energy. However, this simple approach is still useful for the study of the early stage (t ≪ τ l ) of the time evolution of the system, after the replacement of an s-wave pairing interaction by a p-wave one. In this paper, we implicitly focus on such a shorter time domain before the three-body particle loss becomes crucial. This paper is organized as follows. In Sec. II, we present our formulation. We also explain how to numerically deal with TDBdG. In Sec. III, we show the time evolution of the p-wave superfluid order parameter, after the s-wave pairing interaction is replaced by a p-wave one, a p-wave pair amplitude Φ σσ ′ p (p) is induced in an equilibrium s-wave superfluid Fermi gas with a parity-broken spin-orbit interaction (λ = 0). At this stage, while the system is still in the s-wave superfluid state with the s-wave superfluid order parameter ∆ s = 0, the p-wave order parameter ∆ σσ ′ p (p) vanishes, because of the vanishing p-wave interaction g p = 0. At t = 0, we replace the s-wave interaction g s with a p-wave one, by adjusting an external magnetic field from an s-wave Feshbash-resonance field to a p-wave one (g s = 0, g p = 0). At the same time, we turn off the spinorbit coupling λ = 0. The product of the p-wave pair amplitude Φ σσ ′ p (p) which has been prepared in the parity-broken s-wave superfluid state and the introduced p-wave interaction g p immediately gives a non-vanishing p-wave superfluid order parameter ∆ σσ ′ p (p) = 0. Then, by definition, the system is in the p-wave superfluid state. The s-wave superfluid order parameter vanishes (∆ s = 0) when t ≥ 0, because the s-wave interaction is turned off (although the s-wave pair amplitude may remain). This p-wave superfluid state at t ≥ 0 is generally not in the equilibrium state, so that under various conditions. Based on these results, we discuss the condition to obtain a large p-wave superfluid order parameter. Throughout this paper, we take = k B = 1, and the system volume is taken to be unity, for simplicity. In addition, the Fermi energy ε F , Fermi momentum k F , and Fermi velocity v F , mean the quantities in a free Fermi gas with no spin-orbit interaction.
II. FORMULATION
We consider the protocol in Fig. 1 : When t < 0, we first prepare an equilibrium ultracold Fermi gas at T = 0. This system has an s-wave pairing interaction (to produce the s-wave superfluid state), as well as a parity-broken antisymmetric spin-orbit interaction (to induce a p-wave pair amplitude Φ σσ ′ p (p)), that are both turned off at t = 0. At the same time, a p-wave pairing interaction is switched on. Immediately after this manipulation, the product of this p-wave interaction and the p-wave pair amplitude (which has been induced in the s-wave superfluid state) gives a non-vanishing p-wave superfluid order parameter in Eq. (1).
To theoretically deal with this protocol, we consider an s-wave superfluid Fermi gas described by the Hamiltonian, obeys the ordinary BCS gap equation,
Here, E ± p = (ξ ± p ) 2 + ∆ 2 s describe Bogoliubov single-particle excitations in the presence of the spin-orbit coupling, where ξ ± p = ξ p ± λ|p z |. The ultraviolet divergence involved in the gap equation (6) has been absorbed into the s-wave scattering length a s , which is related to the bare interaction −g s as [50] [51] [52] [53] ,
with p c being a momentum cutoff. In the BCS-Leggett theory, one solves the gap equation (6), together with the equation for the number N of Fermi atoms,
to self-consistently determine ∆ s and µ. The calculated µ and ∆ s in the BCS-BEC crossover region are shown in Figs. 2(a1) and (a2), respectively. These results will be used in constructing the initial condition for TDBdG equation.
In our proposal [1] , the role of the spin-orbit interaction h σ,σ ′ so in Eq. (3) is to induce the spin-triplet Cooper-pair amplitudes,
without a p-wave interaction. For clarity, we explicitly show the momentum dependence of Φ ↑↑ t (p) in the lower panels in Fig. 2 . We briefly note that Φ σσ t (p) in Eq. (9) vanishes when λ = 0, because E + p (λ = 0) = E − p (λ = 0). We also note that, in spite of the presence of spin-triplet pair amplitudes Φ σσ t (p) = 0, the p-wave superfluid order parameter is still absent because of the vanishing p-wave interaction. The spin-singlet pair amplitude,
only gives the non-vanishing s-wave superfluid order parameter,
, which, of course, equals Eq. (5).
We use this equilibrium s-wave superfluid state as the initial state for the time evolution of the system after the s-wave interaction g s is replaced by an appropriate p-wave one. For this purpose, it is convenient to reformulate the above equilibrium BCS-Leggett theory by using the time-dependent Bogoliubov-de Gennes (TDBdG) equation ,
(The outline of the derivation of Eq. (11) is explained in Appendix A.) Here, the 4×4-matrix
HamiltonianĤ
TDBdG s corresponding to Eq. (4) is given bŷ
In TDBdG equation (11), the four component wavefunction,
consists of the coefficients in the Bogoliubov transformation,
Imposing the normalization condition, |ũ 
In this scheme, the equilibrium mean-field BCS solutions (∆ s , µ) at T = 0 (that are determined from the coupled gap equation (6) with the number equation (8)) are obtained as the steady-state solutions for Eq. (11), given by∆ s (t) = e −2iµt ∆ s , and
Substituting these into Eq. (11), the ordinary (time-independent) Bogoliubov-de Gennes (BdG) equation [86] is reproduced as,
For the eigenenergy E α p given below Eq. (6), the eigenfunction has the form,
This BdG solution reproduces the gap equation (6), as well as the number equation (8),
from the ordinary expressions in the BCS theory,
We will useΨ(p, (16) and (18) as the initial state, in considering the time evolution of the system when t ≥ 0.
At t = 0, we replace the s-wave interaction in Eq. (2) by an appropriate p-wave one.
For simplicity, we also switch off the spin-orbit interaction (λ = 0) at the same time. G [8, 16] between | ↑ and | ↓ (where F = I + S with I and S being a nuclear spin and electron spin, respectively). In this case, our attempt is achieved by adjusting an external magnetic field from B s to B p [3, 4, 6, [10] [11] [12] [13] [14] [15] . Strictly speaking, although a weak s-wave interaction may still remain finite even near the p-wave Feshbach resonance, we ignore this effect, for simplicity.
We consider the case when the s-wave pairing interaction in the last term in Eq. (2) is suddenly replaced by the p-wave one between ↑-spin atoms [35] [36] [37] [38] , given by
Here,
is a p-wave basis function [35] , where p 0 is a cutoff momentum, which we take p 0 = 10k F ≫ k F in this paper [87, 88] . The p-wave coupling constant g p is related to the observable p-wave scattering volume v p as [35] ,
As usual, we measure the p-wave interaction strength in terms of (k [35] [36] [37] [38] . In this scale, the weak-coupling side and the strong-coupling side are characterized as (k
respectively. We briefly note that, in the present case, the ↓-spin component becomes a non-interacting Fermi gas when t ≥ 0.
We also note that, although the s-wave superfluid order parameter ∆ s = g s p c p,↑ c −p,↓ vanishes when the s-wave interaction g s is turned off at t = 0, the spin-triplet pair amplitude Φ σσ t (p) in Eq. (9) remains finite, although Eq. (9) looks vanishing when ∆ s (t ≥ 0) = 0. To see this in a simple manner, it is convenient to assume that all the interactions are turned off when t ≥ 0. In this extreme case, TDBdG equation (11) (with λ = 0 and∆ s (t) = 0)
gives the analytic solution (t ≥ 0),
where we have set the initial condition asΨ(p, t = 0) = Ψ α s (p) given in Eq. (18) . Equation (23) gives the non-vanishing spin-triplet pair amplitude Φ σσ t (p, t) in Eq. (9) at arbitrary t ≥ 0.
Thus, when the s-wave pairing interaction is replaced by the p-wave one V p in Eq. (20) , the product of this introduced p-wave interaction and the spin-triplet pair amplitude Φ ↑↑ t (p) immediately gives the non-vanishing p z -wave superfluid order parameter at t = 0, given by,
The p x -wave and p y -wave components ∆
are not produced at t = 0, because of the absence of the corresponding spin-triplet pair amplitudes. Thus, as usual, these two components start to grow from zero when t ≥ 0. However, the current experimental difficulty indicates that the time scale of such condensation growth [6, 89] is considered to be much longer than the typical lifetime (τ l = 5 ∼ 20 ms) of a p-wave interacting Fermi gas [2] [3] [4] . Thus, the p x -wave and p y -wave superfluid state would actually be difficult in the present case. Since we consider the early stage (t ≪ τ l ) of the time evolution of the system, we only retain the p z -wave superfluid component in what follows.
Starting from the initial condition,Ψ(p, t = 0) = Ψ α s (p) in Eq. (18), we evaluate the time evolution of the wavefunctionΨ(p, t ≥ 0), using TDBdG equation (11) whereĤ TDBdG s is replaced byĤ
Here, the time-dependent p z -wave superfluid order parameter ∆
Since the HamiltonianĤ The conservation of the particle number is guaranteed in TDBdG theory.
Noting that the p-wave interacting ↑-spin component is decoupled from the ↓-spin component when t ≥ 0, one may simplify TDBdG equation as,
where
Before ending this section, we give two notes on numerical calculations. The first one is how to numerically deal with TDBdG equation (27) . In computations, one needs to discretize the time variable with a finite interval ∆t, which we take ∆t = 10
F in this paper. In this case, the time evolution of the wavefunction Φ(p, t) is written as, to the accuracy of O ((∆t) 2 ),
However, when we naively use Eq.
(28), the normalization of the wavefunction, Φ(p, t) † Φ(p, t) = 1 is gradually broken with passage of time. Thus, to cure this, we rewrite Eq. (28) into the produce of the unitary operator,
as
Here, a 1 , a 2 , and b, are determined so that Eq. (30) 
Comparing Eq. (28) with Eq. (31), one finds
As a solution of Eq. (32), we choose a 1 = a 2 = 1/2 and b = 1. The time evolution operator U(t, ∆t) in Eq. (30) is conveniently written as,
The second note is about s-wave and p-wave interaction strengths. In the equilibrium 
2(b1) and (b2). In these figures, µ and ∆
↑↑ pz:eq (p) = F z p ∆ ↑↑ pz:eq are, respectively, the chemical potential and the p z -wave superfluid order parameter in the equilibrium p z -wave superfluid phase. These quantities are determined from the p z -wave BCS-Leggett coupled equations,
As seen in Figs. 2(b1) and (b2), the case D ((k Although the system is in the non-equilibrium state when t ≥ 0, these equilibrium results are helpful to grasp their physical situations. In Sec. III, we will consider all the possible combinations between (A,B,C) and (D,E,F), to examine the time evolution of the system. Figure 3 shows the time evolution of the magnitude of the p z -wave superfluid order pa- . As expected, the non-vanishing ∆ ↑↑ pz (t) discontinuously appears at t = 0 (solid circles in Fig. 3 ). In addition, except for the case of a weak p-wave interaction (case D) in Figs. 3(a1)-(a3) , the p z -wave superfluid order parameter ∆ ↑↑ pz (t) continues to exist even at tε F = 100. For the typical value ε F ∼ 1 µK in an ultracold Fermi gas [16] , the time scale tε F = 1 corresponds to t = O(10 −2 ms). We then find from the inset in Fig. 3 (c1) that ∆ ↑↑ pz (t) increases with the short time scale t = O(10 −2 ms), which means that the p z -wave superfluid order parameter can grow enough, before the three-body particle loss seriously damages the system ( > ∼ 5 ∼ 20 ms) [2] [3] [4] [5] [6] . However, Figs. 3(a1)-(a3) show that our idea does not always work, at least in the p-wave weak-coupling case (case D). In panel (a1), although ∆ ↑↑ pz (t) first rapidly increases just after the p z -wave interaction is tuned on (0 ≤ tε F < ∼ 5), it soon becomes small to vanish (within the numerical accuracy). Such vanishing behavior of p z -wave superfluid order parameter tends to occur for smaller spin-orbit coupling λ, as well as stronger s-wave interaction g s , as seen in Figs. 3(a1)-(a3) . To understand this non-equilibrium effect, it is useful to compare the momentum distribution function of ↑-spin component, with that in the equilibrium p z -wave state,
III. TIME EVOLUTION OF p z -WAVE SUPERFLUID ORDER PARAMETER
In Fig. 5 , we find that, apart from details, the overall structure of n ↑ p (t) at tε F = 100 is almost the same as that at t = 0 [1] . This is because the present TDBdG cannot describe the energy relaxation of the system to the ground state, so that the momentum distribution of Fermi atoms in the equilibrium s-wave superfluid state (t < 0) is almost passed down to the non-equilibrium p z -wave state (t ≥ 0). Indeed, this phenomenon is also seen in other cases, as shown in Fig. 6 . In particular, as shown in Appendix B, the momentum distribution function n ↑ p (t) in the nodal direction, p = (p x , p y , 0), is time-independent. Judging from the current experiments for the realization of a p-wave superfluid Fermi gas [2] [3] [4] [5] [6] , the time scale of the relaxation to the p-wave superfluid ground state seems much longer than the lifetime (τ l = 5 ∼ 20 ms) of the system by the three-body particle loss. Thus, as far as we consider the early stage of the time evolution, 0 ≤ t ≪ τ l (tε F ≪ O(10 3 )), the atomic momentum distribution in the p z -wave state would be similar to that in the initial s-wave state.
In Fig. 5(a) , where ∆ ↑↑ pz ≃ 0 (see Fig. 5(d) ), the Fermi edge in n ↑ p (t) around p z /k F = 1 is more smeared than the equilibrium result,ñ ↑ p . When we replot the latter as a function of the kinetic energy ε p = p 2 /(2m), the energy width δω of the smearing of the Fermi edge is estimated as δω ∼ ∆ ↑↑ pz:eq . On the other hand, the p z -wave superfluid order parameter almost vanishes at tε F = 100 in the non-equilibrium case shown in Fig. 5(a) , so that δω in this case is dominated by a non-equilibrium effect. Noting that this structure is similar to the Fermi distribution function at finite temperatures, we expect that this non-equilibrium effect is similar to the thermal effect on a Fermi superfluid. Indeed, keeping this similarity in mind, when we introduce the effective temperature T eff ≡ δω in the non-equilibrium case, one finds that T eff > ∆ ↑↑ pz:eq . This naturally explains why the p z -wave superfluid state is destroyed in this case, that is, Cooper pairs are depaired by this "thermal" effect, as in the weak-coupling BCS state above the superfluid phase transition temperature.
As one increases the p z -wave interaction strength, the smearing width δω in the nonequilibrium case gradually becomes close to that in the equilibrium state, as shown in Fig.   5(b) , around which the ratio ∆ ↑↑ pz /∆ ↑↑ pz:eq takes a maximum value (see Fig. 5(d) ). With further increasing the p z -wave interaction strength, we see in Fig. 5(c) that n ↑ p (t) again becomes different from the equilibrium resultñ ↑ p . As a result, the ratio ∆ ↑↑ pz /∆ ↑↑ pz:eq again becomes small, as shown in Fig. 5(d) .
The above discussion is also applicable to the strong-coupling regime where the Fermi chemical potential µ in the equilibrium p z -wave superfluid state is negative (the right side of the vertical dotted line in Fig. 4) . When (k 3 F v p ) −1 = 6 (case F), the equilibrium momentum distribution functionñ ↑ p no longer has the Fermi-edge like structure, because of the negative chemical potential µ/ε F ≃ −1.5 (see Fig. 2(b1) ). In this case, Fig. 7 shows that the These analyses indicate that, in order to produce a large p z -wave superfluid order pa-rameter at t ≥ 0, one should choose the equilibrium s-wave superfluid state (t < 0) so that the atomic momentum distribution function can be as similar as possible to that in the equilibrium p z -wave superfluid state. Besides this, the fact that n ↑ p (t) =ñ ↑ p seen in Figs. 5 and 6 means that the produced p z -wave superfluid state is not in the ground state. In the current experimental stage [2] [3] [4] [5] [6] , one cannot expect the relaxation of the produced p z -wave superfluid state to the ground state within the short lifetime of a p-wave interacting Fermi gas. Thus, to study equilibrium thermodynamic properties of a p z -wave superfluid Fermi gas in our approach, it would be also favorable to prepare the atomic momentum distribution in the initial s-wave superfluid state so as to be very similar toñ ↑ p in the equilibrium p z -wave superfluid ground state. Actually, we need to find out a way to prepare the p z -wave-statelike anisotropic momentum distribution in the isotropic s-wave superfluid state for these purposes, which remains as our future problem.
Before ending this section, we briefly discuss an alternative idea to obtain a non-vanishing p z -wave superfluid order parameter deep inside the weak-coupling regime. The recent work [73] on the quench dynamics of a p-wave superfluid Fermi gas has shown that, when a strong p-wave interaction is replaced by a weak p-wave one, the non-vanishing superfluid order parameter, whose value can be larger than that in the equilibrium case, is obtained.
Indeed, when we solve TDBdG equation (27) under the assumption that the system at t < 0 is in the equilibrium strong-coupling p z -wave superfluid state ((k 
(where
, we obtain the non-vanishing p z -wave superfluid order parameter ∆ ↑↑ pz (t) = 0, being larger than that in the equilibrium weak-coupling case, as shown in Fig. 8(a) (see also Fig. 2(b2) ). Then, one expects that our approach might also give a non-vanishing p z -wave superfluid order parameter in the weak-coupling regime, when we replace the s-wave interaction by a strong p z -wave one at t = 0, which is followed by the replacement of the strong p z -wave interaction with a weak p z -wave one at t = t 0 > 0, e.g., A→F→D. However, Fig. 8(b) shows that this idea actually does not work, because the p z -wave superfluid order parameter vanishes soon after the second manipulation. This is because, although a large p z -wave superfluid order parameter appears when 0 ≤ t ≤ t 0 , the momentum distribution function n ↑ p (t) is still similar to that in the initial s-wave state. As a result, the same mechanism as that discussed in Figs. 3(a1) -(a3) works at t = t 0 , leading to the vanishment of the p z -wave superfluid order parameter seen in Fig. 8(b) .
When we take into account the relaxation of the system to the equilibrium p z -wave superfluid ground state beyond the present TDBdG scheme, the momentum distribution function n ↑ p (t) would become similar toñ ↑ p to some extent, during the period 0 ≤ t ≤ t 0 . Then, the situation becomes close to the case discussed in Ref. [73] , which might give a non-vanishing p z -wave superfluid order parameter even deep inside the weak-coupling regime.
However, to confirm this expectation, we need to extend the present TDBdG approach to include, not only the relaxation effect, but also the three-body particle loss, which remains as our future problem.
IV. SUMMARY
To summarize, we have discussed the time evolution of the p z -wave superfluid order parameter, after an s-wave pairing interaction in an equilibrium spin-orbit coupled s-wave superfluid Fermi gas is replaced by a p-wave interaction working between Fermi atoms in the same atomic hyperfine state (pseudospin-↑) at t = 0. Employing a time-dependent Bogoliubov-de Gennes (TDBdG) equation at T = 0, we have examined how the p z -wave superfluid order parameter ∆ ↑↑ pz (p, t ≥ 0) is affected by the initial s-wave interaction strength (t < 0), the introduced p-wave interaction strength (t ≥ 0), as well as the spin-orbit coupling strength.
We showed that, to obtain a large p z -wave superfluid order parameter in this method, one should prepare the initial spin-orbit coupled s-wave superfluid Fermi gas so that the atomic momentum distribution n ↑ p (t = 0) ≡ n s p can be similar to that in the equilibrium p z -wave superfluid stateñ ↑ p . In the p z -wave weak-coupling regime where the Fermi chemical potential µ in the equilibrium p z -wave superfluid state is positive, the p z -wave superfluid order parameter was found to become large in the case when n s p around the Fermi level (p z = √ 2mµ) is similar to that ofñ ↑ p . Although the Fermi edge does not exist in the p zwave strong-coupling regime where µ < 0, we found that a larger p z -wave superfluid order parameter is also obtained in the case when the overall structure of n s p is relatively close toñ ↑ p . The reason for the importance of the atomic momentum distribution in the initial spin-orbit coupled s-wave supefluid state is that, the overall structure of n ↑ p (t) is passed down to that of non-equilibrium p z -wave superfluid stateñ ↑ p in the early stage of the time evolution (t ≥ 0), where the relaxation effect, as well as the three-body particle loss, are not crucial.
At this stage, s-wave superfluid Fermi gases have only been realized in the absence of spinorbit interaction. This implies that a spin-orbit interaction is not favorable to achieve the s-wave superfluid state. Thus, when we use our proposal, we should take a weak spin-orbit interaction, so as not to completely destroy the initial s-wave superfluid state. In this regard, slightly inside the p-wave weak-coupling regime may be suitable for this purpose, because a relatively large p z -wave superfluid order parameter can be obtained for a weak spin-orbit interaction (see Fig. 4(a1) ). Then, since the p z -wave superfluid order parameter ∆ ↑↑ pz (p, t) grows much faster than the typical time scale of the three-body particle loss (τ l = O(10 ms)), a p z -wave superfluid state would be obtained, at least in the early stage of the time evolution after the p-wave interaction is turned on.
In this paper, we have only considered the simplest single-component spin-orbit interaction, λp z σ x . Since more complicated spin-orbit interactions, such as a two-component one, also induce different types of p-wave pair amplitudes [47] , it is an interesting future problem to see what happens in these cases, after an appropriate p-wave interaction is switched on. In addition, although we have simply assumed that the s-wave interaction is absent when t ≥ 0, it may actually remain to some extent, even after an external magnetic field is adjusted to a p-wave Feshbach resonance. In this case, the system may possess both the s-wave and p-wave superfluid order parameters, at least at t = 0. Furthermore, inclusions of relaxation effects, as well as effects of three-body particle loss, also remain to be solved. Since all the current experiments toward the realization of a p-wave superfluid Fermi gas are facing the difficulty associated with the short lifetime of the system caused by a p-wave interaction, our results would provide an alternative route to reach this unconventional Fermi superfluid, avoiding this serious problem to some extent. = −(πp 2 0 /m 2 ) p (F 2 p /ε 2 p ) − 2/(p 2 0 v p ) [35, 37, 38] . Experimentally, this quantity has been observed as k eff = −0.02a
B in a 40 K Fermi gas [8] , and k eff = −0.05a
B in a 6 Li Fermi gas [11] (where a B is the Bohr radius). Using the typical value k −1 F ∼ 100 nm in an ultracold Fermi gas, one has p 0 ∼ 10 2 k F . However, we take p 0 = 10k F ≪ 10 2 k F in this paper, because of computational problems. While this smaller p 0 does not qualitatively alter our conclusions, it is known to quantitatively affect the magnitude of the equilibrium p-wave superfluid order parameter [37, 38] . [90] The p z -wave superfluid order parameter ∆ ↑↑ pz (t) is a complex function, so that we plot the absolute value of this quantity in Fig. 3 . In TDBdG scheme, even in the equilibrium state, it is complex as ∆ ↑↑ pz (t) = e −2iµt ∆ ↑↑ pz:eq .
[91] The time-interval tε F = [50, 100] 
